Introduction
The researches of fish locomotion are largely motivated by (a) the interest in understanding the complex mechanics involved, and (b) using nature for design inspiration for novel underwater vehicles. The experimental studies on live fish have played a vital role in deepening our understanding of the mechanics of fish locomotion. However, some constraints are also encountered in such research works. First, animal locomotion is hard to control and some important physical quantities such as force and torque are hard to measure. Second, it is impossible to isolate the effects of multiple factors on performance by manipulating each control parameter independently. To overcome these difficulties, mechanical devices (or robots) are sometimes used in lieu of live fish in the researches of fish locomotion [1] . Recently, simple mechanical devices which emulate the swimming gaits of fish by utilizing passive elastic mechanisms have received some attention. Unlike the complex robotic fish which provides a close imitation of the biological counterpart [2] , this type of device is composed of an elastic panel (or filament) which is actuated at one extremity by heaving or pitching motion (or the combination of the two). The undulatory kinematics which resembles that of a swimming fish is spontaneously produced as a result of fluid-structure interaction (FSI). In an experimental demonstration by Ramananarivo et al [3] , an elastic swimmer actuated at the head by the magnetic field was shown to locomote on the free surface with an emergent anguilliform kinematics. In a series of studies by Lauder and coauthors, the effects of frequency and amplitude, body length and stiffness, planform and cross-section shape on the propulsive performance were assessed [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . This type of artificial swimmer provides us a useful tool for analyzing flow structure and energy efficiency across a wide range of parameter values.
To date, in all experimental studies which involved such simple fish-like devices, continuous actuation patterns were assumed (imposed driving motions were usually sinusoidal functions of time). It has been well known that besides the continuous (or steady) swimming, intermittent swimming (where the full cycle of actuation consists of both a burst and a coast phase) is another commonly seen locomotion style in many fish species [14] , such as northern anchovy [15] , golden shiner [16] , koi carps [17] , cod [18, 19] and zebrafish [20] [21] [22] . In fact, the research on intermittent (or burstand-coast) swimming of fish has a rather long history. The earlier studies on intermittent locomotion of fish relied on dynamic models with empirical laws for drag. Based on such models, it was unanimously concluded that at the same averaged speed, the intermittent swimming style was superior to the continuous style in terms of energy efficiency [23, 24] .
In the recent works on bio-inspired propulsors, however, some disagreements regarding the energy efficiencies of the two different swimming styles have been reported [25] [26] [27] [28] . In the experimental study on the pitching-foil systems by Floryan et al [25] , it was confirmed that the intermittent style enjoyed some advantages in efficiency over the continuous one at the Reynolds number around 10 4 . In the inviscid and viscous numerical simulations of pitching-foil systems, it was found that under certain circumstances (such as a sufficiently low Reynolds number or a low duty cycle), continuous swimming can actually be more economical than intermittent swimming [26, 27] . In another viscous simulation of a fish-like swimmer driven by the prescribed undulatory body deformation [28] , energy saving in intermittent swimming (in comparison with that in continuous swimming) was confirmed. However, the comparison of energy efficiencies between these two swimming styles at the same averaged speed was not possible since in the problem setting of [28] the continuous swimming style always resulted in a higher speed than the intermittent one.
The wake structure in intermittent swimming was another research focus besides the energy efficiency. In this respect, the placement of vortices behind an intermittent swimmer was found to be very different from that behind a continuous swimmer. Due to the dissimilarities in the swimming gait, the geometric shape and the Reynolds number, the vortex structures in the wakes behind intermittent swimmers were also found to differ from case to case [17, [25] [26] [27] [28] .
As a natural extension of the studies aforementioned, the intermittent swimming performance of a fish-like swimmer driven by passive elastic mechanism is numerically investigated in this paper. To the best of our knowledge, no such studies have been reported in the literature. We are curious to see if the energy efficiency can be enhanced by switching to an intermittent actuation pattern. Moreover, the wake structure associated with intermittent swimming is also explored.
The rest of the paper is arranged as follows. The computational model and governing equations are presented in section 2. The numerical method, numerical settings and control parameters, together with a mesh-sensitivity test are described in section 3. Some results and discussions regarding the swimming gait, energy efficiency and wake structure are given in section 4. Finally, the conclusions are summarized in section 5.
Computational model and governing equations

Computational model
The fish-like swimmer is modeled as an elastic filament which is actuated at the leading edge by the combination of heaving and pitching motions (see figure 1 ). In the direction aligned with the x-axis, the swimmer is allowed to move freely without any constraints. With a nonuniform bending rigidity along its body, a carangiform swimming gait (in which substantial undulation only occurs in the posterior part) emerges as the result of FSI.
For continuous swimming, the prescribed heaving and pitching motions at the leading edge are (see figure 2(a)):
Here, Y * head and θ head are the lateral position and pitching angle of the leading edge, respectively. A * and θ 0 are the amplitudes of the heaving and pitching motions, respectively. Throughout this paper, these two amplitudes are fixed. f * a is the flapping frequency (therefore the flapping period is T * a = 1/f * a ). For intermittent swimming, the 'half tail-beating' (HT) mode is assumed here for the actuation (see figure 2(c) ). In this mode, certain time durations of passive coasting are interspersed between two halfperiods of active bursting. This is in contrast with the 'multiple tail-beating' (MT) mode (see figure 2(b) ), where (at least) one period of active bursting is completed before the arrival of passive coasting. Please note that despite of the term 'tail-beating' used here (such term was conventionally used in some references), the actuation motions in this study are actually only imposed at the head.
The kinematics for the burst-and-coast swimming (HT mode) can be written as 
As can be seen here, the duty cycle decreases as the intermittency becomes stronger. Since for the HT mode T b = 0.5, the duty cycle can also be expressed as
Here some additional comments on the computational model adopted in this study are provided. First, the passive elastic mechanism assumed in the model is completely different from the real mechanism at work in fish swimming (where muscles along the body are the primary actuators). However, by tuning the body rigidity in the computational model, the resulted steady swimming gaits can match well with those of fish performing carangiform swimming (to be further addressed in section 3.3). Second, if we compare the body kinematics during the transition from the burst phase to the coast phase in intermittent swimming, subtle difference exists between the present computational model and that of [28] . In [28] , the transitional body kinematics was prescribed. In the present computational model, only the transition of the actuation pattern at the head (from 'burst' to 'coast') is prescribed, while the transitional body kinematics is determined by FSI. This subtle difference can lead to a unique preparatory burst gait which is observed in the present study but not reported in [28] (to be further addressed in section 4.2). Since this preparatory burst gait has also been found in the intermittent swimming of real fish, this substantiates the claim that the passive elastic mechanism may play an important role in intermittent swimming. Third, real fish have 3D geometries. However, the study of the 2D model can still provide some useful insight and can also sever as a starting point for further investigation.
Governing equations
The motions of the fluid and the elastic swimmer are governed by the incompressible NavierStokes equations and the nonlinear dynamics equations respectively. The governing equations can be written in a dimensionless form as
(5b)
Here u is the fluid velocity vector, p is the pressure, and f is the Eulerian forcing term which represents the effect of the immersed body on the flow. (which is defined as L * f * a ), ν * is the kinematic viscosity of the fluid. X = (X, Y) is the position vector of the swimmer and s is the Lagrangian coordinate along the arc length. F is the Lagrangian force term which presents the interaction between the swimmer and the fluid.
β, ξ, γ are the mass ratio, the dimensionless tension coefficient, and the dimensionless bending rigidity, respectively. The definitions of these dimensionless parameters are:
where ρ * s , ρ * f are the densities of the filament and the fluid, respectively. δ * is the thickness of the filament. T * and B * are the (dimensional) tension coefficient and bending rigidity, respectively.
The dimensionless tension coefficient ξ can be determined by solving a Poisson equation to ensure that the inextensible condition (6b) is satisfied [29] . Here we assume that the distributions of β and γ along the body can be described by two exponential decay functions:
where the six coefficients (a 1 , a 2 , b 1 , b 2 , m, n) can be adjusted to produce the desirable swimming gaits (to be addressed later in section 3.3).
Numerical method and settings
Numerical method
The direct-forcing immersed boundary method based on the discrete stream function formulation is used to solve the incompressible Navier-Stokes equations (5) [30] . The finite difference method is used to discretize the dynamics equations (6) on a staggered grid [31] . A loosely coupled FSI scheme is used in the simulations of the present study. In this FSI scheme, the fluid equations and dynamics equations are advanced sequentially by one step in time. The procedure of coupling the flow and dynamic solvers within one step (from n to n + 1) of temporal advancement, including the transfer of data, can be summarized as follows:
(i) The dynamics equations are integrated with the known forcing term of F (at time step n) to obtain the position and velocity of the Lagrangian points (which are used to represent the body of the swimmer). This velocity U d is treated as the desired velocity of the fluid for imposing the no-slip boundary condition on the swimmer's body.
(ii) The Navier-Stokes equations are integrated without the forcing term f to obtain a tentative solution of fluid velocity u * . This velocity is then interpolated to the positions of the Lagrangain points to obtain a tentative velocity U * at the Lagrangian points. A regularized delta function is used as the interpolation kernel function [31] . (iii) The forcing term at the Lagrangian points F (for time step n + 1) is determined by using U * and U
d
. This forcing term is subsequently interpolated to the Eulerian points to obtain the forcing term f for the fluid equations. Again, a regularized delta function is used as the interpolation kernel function [31] . (iv) The Navier-Stokes equations are integrated with the forcing term f to find the fluid velocity at time step n + 1. (v) The Lagrangian forcing F for time step n + 1 is treated as the updated load for the dynamics equations and the integration in step (i) is repeated.
The FSI simulation code used in this work has been extensively validated in [31] . The advantage of the loosely coupled FSI scheme is low computational costs. The limitation of this scheme is that it is only stable when the density ratio β is not to low (i.e. added mass effect is not too strong). Otherwise, instability of this scheme necessitates the use of strongly coupled FSI schemes. In the strongly coupled FSI schemes, the inner iterations between the fluid and dynamics solvers within one step of temporal advancement can result in much higher computational costs. 6] is used in the simulation. Here we adopt a multi-block Cartesian mesh with hanging nodes. Comparing with the single-block mesh with stretched elements, this type of mesh can effectively reduce the total number of grid points while keeping a fair resolution in the vicinity of the swimmer. Seven sub-meshes with different level of refinement are fused into the single mesh used in the simulation (see figure 3) . The finest sub-mesh (with the grid spacing of The no-slip boundary condition is imposed on the four outer boundaries of the computational domain. Since the fish-like swimmer is kept at least 5.8L
Numerical settings
* away from the boundaries during swimming, the blocking effect is negligible. On the surface of the fish-like swimmer, the no-slip boundary condition is enforced by using the direct-forcing immersed boundary technique [31] . The initial fluid velocity is assumed to be zero. Initially, the swimmer's body is kept straight in the direction which aligns to the x-axis and the head is located at its maximum lateral excursion. Time steps for the simulation are chosen such that the CFL number based on the maximum fluid velocity and the finest grid spacing never exceeds 0.5.
Values of control parameters
The dimensionless parameters in the simulation of continuous swimming include: the flapping Reynolds number Re f , the dimensionless heaving amplitude A = A * /L * , the pitching amplitude θ 0 , and the six coefficients in the exponential decay functions for the bending rigidity γ and the mass ratio β. The values of these parameters are summarized in table 1.
The flapping Reynolds numbers lie in the range of 1000-6000, which is consistent with the values in some studies on fish swimming [17, 21] . Since many burst-and-coast fishes are carangiform swimmers, such as saithe, cod, and zebrafish, here we attempt to emulate the carangiform gaits on the elastic filament. Since noticeable lateral motion is only observed in the posterior part of carangiform swimmers, the values for the kinematic parameters of A and θ 0 are rather small. The coefficients in the exponential decay functions are selected such that the mass ratio and the dimensionless bending rigidity lie in the ranges of 0.1 − 5 × 10 The kinematics corresponding to the continuous swimming of the elastic filament at Re f = 6000 is shown in figure 4 . The tail-beating amplitude is around 0.12L * , which is much larger than the prescribed lateral displacement of the head. This is one typical feature of the carangiform swimming gait [33] [34] [35] . From figure 4 , it is also seen that roughly 3/4 of a complete wave is displayed on the body length. This indicates that λ * /L * ≈ 1.33, where λ * is the wavelength. This value of the wavelength to body length ratio is consistent with the biological measurements in [36] , where the values for carangiform swimmers were found to be larger than unity.
The continuous swimming corresponding to the three flapping Reynolds numbers listed in table 1 are referred to as 'base cases' hereinafter. For each base case, reduced cruising speeds can be achieved by (a) decreasing the driving frequency while keeping the continuous swimming style; or (b) adopting the intermittent swimming style while keeping the driving frequency intact. To facilitate the comparison of performance under the continuous and intermittent swimming conditions at the same cruising speed, two series of simulations are conducted independently for each base case by varying the driving frequency or the duty cycle. The values of the driving frequencies and duty cycles considered in the simulation of this work are listed in table 2. Please note that with the variation of driving frequency under the continuous swimming condition, the flapping Reynolds number Re f and the dimensionless bending rigidity γ should also vary accordingly due to the change of the reference velocity U * ref .
Mesh-sensitivity test
To ensure that the results are (approximately) independent of the grid spacing, a mesh-sensitivity test is conducted on the base case of continuous swimming at Re f = 6000. Three meshes of different resolutions are used here (see table 3 for the detailed information). Figure 5 displays the time histories of the swimming speed obtained by using the three meshes. Here the swimming speed U is defined as the instantaneous streamwise velocity of the leading edge (positive U indicates that the swimmer is moving towards the negative x-direction). From figure 5, it is seen that when reducing the gird spacing from L * /200 to L * /300, significant discrepancy can be found. However, when further reducing the grid spacing from L * /300 to L * /400, the discrepancy is almost negligible (less than 2%). Thus, for all simulation cases in this study, the mesh with the grid spacing of L * /300 is used.
Results and discussions
Metrics of performance
The key parameter to quantify the swimming performance of continuous and intermittent swimming is the cost of transport per unit mass (energy required for a unit mass to travel a unit distance). This parameter is formally defined as
where U * c is the cruising speed, P * s is the swimming power, m * is the mass of the swimmer. The cruising speed is defined as the time-averaged streamwise velocity of the leading edge. The swimming power is originally defined as the input power needed to maintain the forward swimming and the body undulation. During active swimming, the input power can be measured (approximately) by the time-averaged rate at which work is done to the fluid. During the coast phase of intermittent swimming (when the actuation is turned off), the swimming power becomes zero since the input energy ceases to exist. (Although work can still be done to the fluid during coasting, this energy is transformed from the kinetic energy and the elastic potential energy stored in the swimmer's body. Thus, the work done to the fluid can no longer be used to measure the swimming power.) COT * is a dimensional quantity with the dimension of acceleration. It is related to the dimensionless flow variables by
Here P s and U c are the dimensionless swimming power and cruising speed, respectively. The definitions of these two quantities are:
For continuous swimming, the averaging is performed over one flapping period (i.e. T = T a = 1). For intermittent swimming, the averaging is performed over the entire cycle (i.e. T = T cyc = 1/DC). In addition, for intermittent swimming only the work done to the fluid during the burst phase is reckoned in. Thus, the shielding function a(t) in (11) is defined as
1, otherwise.
(13) In this study, we are interested in accessing the performances of the swimmer when performing continuous and intermittent swimming at the same cruising speed. To this end, we define the normalized COT and the normalized cruising speed by normalizing COT * and U * c using the corresponding reference quantities of the base cases (i.e. continuous swimming driven by frequency f * 0 ):
The Strouhal number, which relates the tail flapping amplitude, the flapping frequency and the cruising speed, is an important dimensionless number used to describe the kinematics of animal locomotion (including swimming and flying). This dimensionless number can also be linked with the energy efficiency in animal swimming and flying. The Strouhal number is defined as
and
for continuous swimming and intermittent swimming, respectively. Here A * tail and Ā tail are the dimensional and dimensionless tail flapping amplitudes, respectively.
Swimming speed and gait
In this section, we compare the speed and gait in continuous and intermittent swimming. Figure 6 shows the time histories of instantaneous speeds for continuous and intermittent swimming at Re f = 6000. The DC value for intermittent swimming is 0.5. It can be seen that the averaged swimming speed decreases roughly by 40% at DC = 0.5, when comparing with that of continuous swimming. For continuous swimming, the time history of velocity is a sinusoidal function as expected. For intermittent swimming, it is seen that the velocity time history possesses the sawtooth-shaped waveform. This is the typical velocity pattern which manifests itself in the intermittent swimming of fish [23] . From the velocity history shown in figure 6(c), a phase shift between the periodic variation of velocity and that of the imposed actuating motion at the head is clearly seen. After the flapping motion of the head is initiated, there is a delay of 0.4T b before the swimmer starts to accelerate. The acceleration lasts about 0.8T b and is followed by a time duration of deceleration which lasts about 1.2T b . It is interesting to note that asymmetry in the velocity history exists in terms of the time durations for acceleration and deceleration (although the time durations for the active and the passive phases in the actuation are equivalent).
The kinematics of the body for intermittent swimming at DC = 0.5 is shown in figure 7 . If compared with the kinematics of the body for continuous swimming shown in figure 4 , it is seen that envelopes of the body shapes in these two cases are almost the same. However, how the 'net' is woven by the instantaneous body shapes is very different. The difference in the kinematics can be further revealed by examining the time history of the lateral position of the tail (see figure 8 ). For continuous swimming, the tail oscillates in a sinusoidal fashion (same as the prescribed motion of the head in waveform but with a larger amplitude and a phase shift). For intermittent swimming, the tail's motion becomes more complicated (in comparison with the prescribed head motion shown in figure 2(c) ). From figure 8(a) , we can see that the tail's kinematics within half full cycle can be broken down into three distinct phases: (a) coast with an approximate straight posture, (b) preparatory burst with one tail flick and (c) burst with two tail flicks. Please note that the unique preparatory burst gait is an emergent feature of the system due to the combined effect of elasticity and FSI. Six snapshots of the instantaneous body shapes corresponding to the three distinct phases within one full cycle are illustrated in figure 8(b) .
From figures 6(c) and 8(a), it can be seen that the swimming speed reaches its maximum value at roughly the same time as the tail reaches its maximum lateral excursion. This is consistent with the findings in [17] , where experiments were conducted to investigate the burst-and-coast swimming of koi carps. In the experiments by Videler and Weihs [24] on the burstand-coast swimming of cod and saithe, a three-phase swimming gait similar to that shown in figure 8(b) was also found. Interestingly, this swimming gait shares some similarities with the rapid starting gaits of slender fish [37] .
Energy efficiency
In this section, we assess performances of continuous and burst-and-coast swimming by comparing the energy efficiencies at the same cruising speed.
In figure 9 , the normalized COT is plotted as a function of the normalized cruising speed, for the three flapping Reynolds numbers listed in table 2. At Re f = 1000 (where the cruising Reynolds number Re c = (U * c L * )/ν * ranges from 110 to 400), the continuous style outperforms the intermittent style in general. The efficiency gap between the two swimming styles is very narrow at high DC values. This gap almost shrinks to zero around DC = 0.7 and becomes slightly wider at very low DC values. At Re f = 2000 (where Re c ranges from 80 to 1100), the efficiency gap between the two swimming styles is rather narrow for the entire range of DC. The intermittent style marginally outperforms the continuous style for 0.4 < DC < 0.8. At Re f = 6000 (where Re c ranges from 400 to 4600), the intermittent style markedly outperforms the continuous style for 0.3 < DC < 0.85. The widest gap between the two is found at DC = 0.6, where the normalized COT of the intermittent style is 25% less than that of the continuous style. The results shown in figure 9 indicate that the intermittent style becomes more economical than the continuous style only when the cruising Reynolds number is relatively high and the DC value is moderate. This finding can be used to rationalize the observations that the intermittent style is seldom adopted by larva fish [15, 21, [38] [39] [40] [41] or fish cruising at low speeds [18] . In the study of intermittent swimming of koi carps [17] , significant efficiency enhancement was achieved for 2500 < Re c < 3000. This range of cruising Reynolds number is consistent with the finding of this work.
Here we would also like to compare the result of the present study with some recent numerical studies on the intermittent swimming of rigid pitching foils. In an inviscid simulation, it was demonstrated that the intermittent style can be less economical than the continuous style at sufficiently low DC values [26] . In a viscous simulation [27] , similar trend as that shown in figure 9 was found in the COT-U plots for the Re c range of 3000-7000. The maximal COT reduction by switching from continuous to intermittent gait was found to be around 20% [27] .
In figure 10 , the Strouhal number (St) is plotted as a function of the normalized cruising speed, for the three flapping Reynolds numbers listed in table 2. It is seen that at Re f = 1000, the St numbers lie in the range of 0.43 < St < 0.66. Clearly, the St numbers are out of the narrow range of 0.2 < St < 0.4, in which many swimming and flying animals cruise [42, 43] . However, there are also evidences which support that the Strouhal number can vary over a relatively larger range of 0.6 < St < 2.2, for anguilliform and low Reynolds number undulatory swimmers [44, 45] . At Re f = 2000, the St numbers lie in the range of 0.18-0.49. The St numbers for most data points are within or close to the narrow range for animal locomotion. At Re f = 6000, the range of St numbers becomes 0.08 < St < 0.3. The data points for continuous swimming and also intermittent swimming at intermediate and high DC values lie within the narrow range for animal locomotion.
Wake structure
The wake structures behind the swimmer at various DC values are compared in figure 11 . Since the wake structures are not very sensitive to the Reynolds number (at least for the parameter range considered in this work), only the results for Re f = 6000 are This type of wake structure leads to a symmetry velocity profile with respect to the centerline and a zero averaged lateral force. By comparing the wake structures for intermittent swimming at different DC values, it appears that the duty cycle has no effect on the overall pattern of the wake (such as the number of vortices formed within one complete cycle). The duty cycle does have some influences on the spatial arrangement of the vortices (such as the inclination angles of the oblique vortex streets and the spatial distance between two successive dipoles). For sufficiently low DC values, vortex streets A and B tend to orient themselves horizontally in the far wake. The interspacing between two successive dipoles is found to increase with decreasing DC values. In addition, the duty cycle also has a noticeable impact on the strength of the vortices in vortex street C. The vortex strength in C reaches the maximum at a moderate DC value around 0.6. To clearly visualize the evolution of vortex structure during intermittent swimming at DC = 0.5 and Re f = 6000, twelve snapshots of the instantaneous vorticity field within one complete cycle are presented in figure 12 . The four stronger (primary) vortices which are organized into two dipoles (2-3 and 5-6) are formed during the burst phase. The increase of interspacing between the two successive dipoles in vortex streets A and B with decreasing DC can thus be explained by the increase of time interval between two successive active burst motions. During the coast phase, two thin shear layers with concentrated vorticity are attached to the body. The two weaker (secondary) vortices (1 and 4) in vortex street C are then produced during the preparatory burst phase due to vorticity pinch-off. The reasons why a moderate DC value results in the maximum vortex strength in vortex street C are as follows. First, very small DC leads to a low cruising speed, which attenuates the vorticity strength in the shear layers. Second, very large DC leads to a short gliding (coasting) distance, which prevents the vorticity from accumulating in the shear layers.
The emergence of two vortex dipoles within one complete cycle is largely consistent with the experimental observation on the HT-mode intermittent swimming of koi carps [17] . However, vortex street C was not found in the experiment of [17] . The lack of the weaker vortices in the experiment can be attributed to the lack of preparatory burst phase or the insufficient resolution for capturing such structures. The wake structure observed here differs markedly from those produced by swimmers performing MT-mode intermittent swimming [17, [25] [26] [27] [28] . In the experiments on the MT-mode intermittent swimming of koi carps and rigid pitching foils [17, 25] , two primary vortices were generated per cycle (just like the wake structures for continuous swimming). In the experiments on pitching foils, two secondary vortices were also observed [25] . In the computational studies on the MT-mode intermittent swimming of rigid pitching foils and fish-like swimmers [26] [27] [28] , it was found that three primary vortices were shed per cycle. Beside the primary vortices aforementioned, one secondary (weak) vortex was also found in the studies of [26, 27] . The wake structures found in [26] [27] [28] can lead to asymmetric time-averaged velocity profiles (with respect to the centerline). This implies that the swimmers may experience non-zero averaged lateral forces. Thus, from the perspective of bio-mimetic design, the HT mode is preferable to the MT mode in the sense that counteracting lateral forces are not needed during intermittent swimming.
Conclusions
Numerical simulations are conducted in this work to assess the intermittent locomotion performance of a fish-like swimmer driven by passive elastic mechanism. The continuous locomotion at three different flapping Reynolds numbers are selected as the base cases. For each base case, two series of simulations are conducted by (a) maintaining the duty cycle of unity while reducing the flapping frequency, and (b) maintaining the flapping frequency while reducing the duty cycle (increasing intermittency of the actuation). This facilitates the comparison between energy efficiencies for the continuous and the intermittent swimming styles at the same cruising speed.
The results on efficiency indicate that the intermittent style is more economical than the continuous style only when the cruising Reynolds number is sufficiently large and the duty cycle value is moderate. This finding is consistent with the observations that larval fish or fish in low-speed cruising seldom adopt the intermittent swimming style. The trends of efficiency variation with the changes of Reynolds number and duty cycle observed here also agree well with those obtained in the studies of bio-inspired propulsors.
A preparatory burst phase of the tail is discovered in the intermittent locomotion of the fish-like swimmer. This unique swimming gait is an emergent feature of the system due to the combined effect of elasticity and FSI. Similar tail motions have also been found in live fish when performing intermittent swimming or rapid starting maneuvers. The emergence of the preparatory burst gait in this study also suggests that the passive elastic mechanism may play an important role in the intermittent swimming of fish.
The wake structure for the HT-mode intermittent swimming consists of three vortex streets. The two oblique vortex streets are composed of strong vortex dipoles which are formed during the active burst phase of the tail motion. The horizontal vortex street is composed of weak vortices which are formed during the preparatory burst phase. This vortex structure is in general consistent with the observations on live fish when performing HT-mode intermittent swimming.
The results of this study can provide some insight into the burst-and-coast swimming of fish and also inform the design of efficient bio-mimetic underwater vehicles.
